Abstract-In this paper, a folded substrate integrated waveguide (FSIW) cavity is analyzed theoretically.
INTRODUCTION
With the rapid development of high quality microwave and millimeter wave communication systems, there exists a constant great demand on high-performance narrow bandpass filter with low cost, sharp selectivity, compact size, and low insertion loss. Rectangular waveguide (RW) bandpass filters have excellent performance but it is expensive and hard to fabricate whilst it has bulky volume and thus is difficult to integrate with other planar circuits. Substrate integrated waveguide (SIW) has been proposed as a new planar structure which is suitable for PCB and LTCC fabrication process [1, 2] . Theoretical analysis has been carried out to investigate the propagation characteristics and discontinuities of SIW [3] [4] [5] . SIW retains main properties of rectangular waveguide (RW) like high Q and low loss. But It is easier to fabricate and integrate with other planar circuits. A great deal of applications using SIW technology has been reported [6] [7] [8] [9] [10] [11] [12] [13] .
Chen et al. [14] discussed the properties of folded rectangular waveguide whilst Grigoropoulos et al. [15] proposed the concept and configuration of folded substrate integrated waveguide (FSIW). They concluded that FSIW retains similar cutoff and propagation characteristics while is only half the size of its equivalent SIW structure. Theoretical study of FSIW was carried out in [16] . There have already been some applications in filters and antennas to show the advantage of size reduction [17] [18] [19] . In [20] , two kinds of folded-waveguide cavities were proposed and compared. The relationship between these two cavities and the conventional waveguide cavity has been found out. FSIW quarter-wavelength cavity has been used to design a bandpass filter recently [21] . Also in [22] another type of folded resonator has been proposed and employed to design a bandpass filter which exhibits good performance and compact size.
In this paper, formulae of the quarter-wavelength cavity have been derived and verified by full-wave simulation. An example filter working at 8 GHz is presented. Good agreement between simulated and measured results has been obtained. In addition, wide out-of-band rejection can be observed, which provides evidence for the analysis of the quarter-wavelength resonator. Figure 1 shows the configuration of a FSIW cavity, where a FSIW and l FSIW is the width and length of the cavity, respectively, g is the width of slot in the central plane, s is the distance between the slot and metallic via-holes, and d is the diameter of the via-holes. According to [20] , when a FSIW and l FSIW are almost half the size of a SIW cavity, FSIW cavity resonates at approximately the same frequency as the SIW cavity. Thus, a great advantage of this structure is that it only possesses one quarter the area and one half the volume of the corresponding SIW cavity.
THEORETICAL ANALYSIS

Eigenmodes Problem
Due to the symmetry of the structure, the fields in the upper and lower halves should be symmetric to the central plane. Even and odd modes are shown in Figure 2 .
In the cases of even modes, the gap is treated as Electric Wall (EW) and thus the magnetic force lines close respectively in the upper and lower halves of the FSIW cavity. So the length of central plane equals n/2 guided wavelengths and thus the even modes correspond to T E (2m)0(2n) in the RW cavity.
In the cases of odd modes, the gap is treated as Magnetic Wall (MW) and the magnetic force lines near the gap close across the central plane. This reveals that the length of the middle metallic plate is equal to n/2 − 1/4 guided wavelengths. Therefore the odd modes correspond to T E (2m−1)0(2n−1) in RW cavity. It can be concluded that T E (2m)0(2n−1) or T E (2m−1)0(2n) modes in the traditional RW cavity cannot exist in this folded waveguide cavity. Microwave circuits implemented with this type of cavities provide wider rejection band than traditional RW cavities. When the cavity is excited by stripline where the directions of fields are opposite in the upper and lower halves, this type of filters can only support fields similar to the odd modes in quarter-wavelength resonator. In this case, T E 202 could not exist in this circuit. In this condition the first spurious passband is consisted of T E 301 and T E 103 .
Even Modes
The formula to calculate resonant frequency of SIW cavity is given:
The relationship between SIW and equivalent RW has been illustrated. The normalized width of RW can be calculated using the following equations [6] :
The relative error of the formulae above is below 1% and the width of the equivalent RW is:
Single-side shrink quantity of the transformation from post wall to equivalent EW could be written as:
For even mode, the gap equals electric wall and two halves of the FSIW cavity can be considered as two SIW cavities.ā andl can be obtained by substituting a with a FSIW and l FSIW in (7), (8) and (9), respectively. So the effective width and length of this FSIW cavity are: Figure 3 shows the equivalent folded RW and scheme to calculate the capacitance in the gap region. The parameters in Figure 3 (a) can be expressed by 
Odd Modes
The transverse resonance condition can be written as
The characteristic impedance of 2-D parallel plate waveguide is defined as
The capacitance is assumed to be small enough, use Taylor expansion to approximate the cotangent function in (13) 
where n has the same meaning as the footprint of T E n0 . In the condition of transverse resonance,
The cutoff wavelength of FSIW structure is approximated by
So the equivalent width of the middle metallic plate is:
Simultaneously, the equivalent length of the middle metallic plate in the cavity could be expressed as:
The capacitance in Figure 3 (a) can be approximately decomposed into two parts:
Set
where c f = 0.73, and g 0 = 0.34 mm. The reason why g should be modified is that the mutual influence between C 1 and C 2 has been taken into consideration. The metallic plate becomes longer in Figures 3(b) and (c) while the capacitive vane changes in Figure 3 (c) whilst according to [16] , multiple images of the gap by the top and bottom solid plates would change the capacitance of C 1 . So the overall capacitance would bring more changes on g rather than s . In this case, the modification of g should be enough to reduce the error. The first capacitance in (20) , C 1 , which is illustrated in Figure 3 (b), can be found in [16] :
Based on the assumption that the second capacitance in (20) , C 2 , is introduced only by the middle metallic plate and the capacitive vane and a m is much bigger than s , the calculation of the capacitance can utilize the conformal mapping method. The result is shown below:
NUMERICAL RESULTS AND DISCUSSIONS
To verify the theoretical analysis in Section 2, the full-wave simulation is employed to compare the simulated results with the results obtained by the formulae above.
Condition From the comparison between calculated and simulated results in Table 1 , good agreement can be observed and the deviation between them is less than 1%. This demonstrates the accuracy of the proposed formulae. The resonant frequency of T E (2m)0(2n) is calculated based on the assumption that the gap is treated as electric wall and thus the relative error is mainly introduced by (7) . In other words, the resonant frequency is independent of the capacitive vanes and the gap which plays an important role in the generation of distributed capacitance. Excellent result of T E 202 has been obtained and the relative error, 0.08%, is much lower than the expected tolerance of the full-wave simulation. The effective length and width of the odd modes in the quarter-wavelength resonator vary with the distributed capacitance. So their resonant frequency could be controlled by the size of the vanes and the gaps. 
APPLICATION
Based on the formulae deduced previously, a fourth-order bandpass filter centered at 8 GHz with the fractional bandwidth of 5% and in-band return loss of 20 dB has been designed to validate the analysis of the FSIW cavity. The coupling of two resonators has been realized by forming an isolation post-wall and adding two capacitive vanes between them. The configuration of this proposed coupling is shown in Figure  4 (a). The electric field distributions on the top metal plate have been shown in Figures 4(b) and (c). It can be concluded that these two resonators are electrically coupled since in the electric coupling structure the low mode is odd mode and the high mode is even mode [23] . The coupling strength could be easily controlled by the dimensions of the added capacitive vanes and the gap width between them. Also 50-Ω stripline has been employed as the input/output of the resonator, as can be seen in Figure 4 (a). Numerical analysis can be used to determine the external quality factor using Ansofts HFSS package. This external coupling could be controlled by changing the position of this stripline and the length of coupling slot with a fixed coupling slot width. The generalized coupling matrix for the bandpass filter can be obtained by optimization [24] . Based on the circuit synthesis, all the physical parameters are determined by adjusting the coupling sections between the resonators and the ports to get the desired coupling coefficients and external quality factors [23] . The parameters shown in Figure 5 A prototype of the bandpass filter is fabricated by multilayer standard PCB process on the substrate of Taconic TSM-30 with the height of 1.016 mm and 0.888 mm for the upper and lower layer respectively and the prepreg of Taconic TPN-30 with the height of 0.128 mm, which is shown in Figure 5 (c). The relative dielectric constants of these two materials are both 3.0 and the loss tangent of TSM-30 is 0.0015. The total size of this folded substrate integrated waveguide bandpass filter is 14.8 mm × 14.4 mm × 2.032 mm itself. Obviously the proposed design is very compact.
The fabricated filter is measured with a vector network analyzer HP8722ES. For the measurement convenience, the transition between the stripline and the grounded coplanar waveguide (GCPW) has been used. The measured performances of the fourth-order filter are illustrated in Figure 6 , as well as the simulated results. The measured central frequency of the fundamental band is 7.8 GHz and FBW is 6%. The first spurious passband appears at approximately 16.8 GHz and S 21 is over 20 dB from 9 GHz to 16 GHz, implying wide out-of-band rejection. The center frequency deviation of experiment and the simulation is about 2.5%, probably owing to low processing precision. The measured insertion loss is approximately 2.62 dB and the return loss is below 10 dB. There are several reasons for the deviations of experiment parameters from simulation parameters. Firstly, the conductor loss of this filter has not yet been brought into consideration in the full wave simulation. Secondly, the I/O terminal lines are composed of SMA connector, GCPW and stripline when measuring. The discontinuity between SMA connectors and GCPW and the transition between GCPW and stripline should affect the original frequency response, and thus brings more reflection and conductor loss. Thirdly, the loss tangent of TPN-30 prepreg is bigger than that of TSM-30, which implies that more dielectric loss is introduced. Moreover the inaccuracy in PCB manufacturing process may also influence the overall frequency response.
CONCLUSIONS
This paper provides formulae of the cavity and verified by full-wave simulation. An example of filter operating at 8 GHz is presented, together with s-parameter curves to verify the formulae provided. The proposed filter has the advantage of wide out-of-band rejection and compact size, and it can be applied to low-cost microwave and millimeter wave integrated circuits and thus the formulae deduced can enhance the efficiency of the filter design.
